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SOME CASE STUDIES OF NCEAN WAVE PHYSICAL PROCESSES UTILIZING THE
GSFC AIRBORNE RADAR OCEAN WAVE SPECTROMETER

F. C. Jackson
NASA Goddard Space Flight Center
Laboratory for Atmospheric Sciences
Greenbelt, Maryland, USA

ABSTRACT

The NASA K,-band Radar (Ocean Wave Spectrometer (ROWS) is an experimental proto-
type of a possible future satellite instrument for low datz rate global waves
measurements. The ROWS technique. which utilizes short-pulse radar altimeters
in a conical scan mode near vertical incidence to map the directional slope
spectrum in wave number and azimuth, is briefly described. The potential of the
technique is illustrated by some specific case studies of wave physical processes
utilizing the aircraft ROWS data. These include i) an evaluation of numerical
hindcast model performance in storm sea conditions, ii) a study of fetch-limited
wave growth, and iii) a study of the fully-developed sea state. Results of
these studies, which are briefly summarized, show how directional wave spectral
observations from a mobile platform can contribute enormously to our understand-
ing of wave physical processes.

1. INTRODUCTION

A simple method for measur .ng the vector wave number spectrum of ocean sur-
face gravity waves from aircraft and satellite platforms using modified radar
altimeters has been described and investigated theoretically by Jackson (1981)
and demonstrated experimentally by Jackson et al. (1984a). In this paper, rather
than dwell on the details of the technique, we will present some specific air-
craft results that will serve to illustrate the enormous potential of this meas-
urement technique for furthering our understanding of wave physical processes.

The GSFC Ky-band Radar Ocean Wave Spectrometer (ROWS) is a noncoherent,
short pulse radar that uses a near-nadir directed conically scanning antenna to
map wave directionality. Table 1 gives the pertinent instrument characteristics.
Figure 1 depicts the aircraft measurement geometry. A small rotarty antenna bore-
sighted to 16° incidence produces a footprint at the nominal 10 km aircraft al-
titude measuring approximately 1500 m in the range (x) dimension and 700 m in the
orthogonal avimuthal (y) dimension. The surface is probed in the range dimension
using 12.5 ns compressed pulses. At the nominal incidence angle for peak power
return, 8 = 13°, the surface range resolution is 8 m. The directional resolution
of the ROWS is obtained by a simple phase front matching condition between elec-
tromagnetic and ocean wave Fourier contrast wave components across the relatively
broad azimuth beamwidth. That is, the broad beamwidth functions to isolate, or
resolve, ocean Fourier components whose wave vectors k = (k, ¢) are aligned with
with the radar azimuth ¢. In this respect, the ROWS technique is similar to the
dual frequency technique investigated by Alpers and Hasselmann (1978). Let the
fractional cross section variation for any pixel (x, y) be denoted §a/a. The
fractional reflectivity modulation m seen by the radar is given by So/0 aver-
aged laterally across the beam. If G(y) denotes the lateral gain pattern, then
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Figure 1. ROWS Measurement Geometry,

TABLE 1. ROWS INSTRUMENT CHARACTERISTICS

“Frequency: 13,9 GHz - -
Pulse type: Linear FM, 100 MHz, 1.2 us chirp
Pulse length: 12.5 ns compressed

Peak power: 2 kW

PRF: 100 Hz max

Detection: Noncoherent, square law

Antenna: 10° elevation X 4° azimuth printed

circuic, 16° incidence boresight,

6 rpm rotation rate
Nata: Digital, max 1024 six bit word frame
size, sample gate width selectable
2,5, ... ns:; recording at full PRF

m(x, ¢ )= SW/W = [@(y)(6a/o)d (1)
y)ay

where SW/W is the fractional modulation in received power (averaged over the
clutter fluctuations).

In the near-vertical specular backscatter regime in which the ROWS operates,
the cross-section variation is primarily a geometrical tilting effect, hydro-
dynamic modulation effects being of second order. Provided the large-wave steep-
ness is small compared to the total surface roughness as measured hy the total
(diffraction-effective) mean square slope 82, then the cross section variation

will be proportional to the large-wave slope component in the plane of incidence
ar.] ax as

f_n_-(cote-_l_ar A (2)
aq L) Ax
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where 9 is the angle of incidence and o° is the average cross section of the
surface. In (2) the first term represents a linearized area tilt term while the
second termn represents the rigid rotation of the small-scale scattered power pat-
tern by the larae wave slopes. The average cross section is proportional to the
probability density function of surface wave slopes evaluated at the specular
condition for backscatter (namely, slope = tan 0 ). Assuming a Gaussian isotropic
distribution of slopes, the cross-section roll-off 1is gqiven approximately by

130°=-2 tany (3)
1 °30 Ry

where aga1in g2 is the total mean square slope.

Assuming that the water wavelength 2r/k is small compared to the azimuth
beimwidth Ly, kly > 1, it follows that the spectrum of mix, ¢) is proportional
co the directional wave slope spectrum. If the gain pattern is assumed to he
Gaussian, f(y) = exn(-y? /2Ly?), one finds that in the limit of large kL, the dir-
ectional modulation spectrum is given by ’

pr(k, 3) = VA [cot 5 - 2 tan e]z K2F(k, 6) (4)
m ’ —— —— - ’
Ty X3

where F is the polar-symmetric directional height spectrum, defined such that
the height variance,

<2y = [ ™ "F(k, &)kdkdb (5)

We note that in (1) the azimuth coordinate y was treated as rectilinear; this is
permissible for directionally spread seas. The wave front curvature enters, along
with the finite footprint size and antenna rotation, in determining the direc-
tional resolution. In the satellite case the resolution is typically 7° (200 m
water wave), while in the aircraft case the resolution 1is typically 20°.

The ROWS data processing, described in detail in Jackson et ai. (1984a),
consists of first correcting for the wave front sphericity on a pulse by pulse
basis on going from the signal delay time to the surface range coordinate x, and
then integrating the pulse returns in surface-fixed range bins over a time cor-
responding to 15° of antenna rotation (N = 42 pulses). The surface tracking is
accomplished using an input aircraft speed., The modulation m(x, 4) is then com-
puted by normalizing by an estimate of the average power envelope <W(x, ¢> ob-
tained by averaging over several antenna rotations. Unity is then subtracted ana
the data are rewindowed and the spectrum Py,(k, ¢) computed by fast Fourier trans-
form. The final estimates of P, are obtained by averaging the spectra over sev-
eral antenna rotations, subtracting a computed residual fading spectrum, and cor-
recting for the finite pulse response {20% spectral roll-off at 40 m wavelength).

We note that the tilt model solution (4) has been shown by Jackson (1981) to
correspond to the first term in a series expansion of the geometrical optics
solution for Py, where the ordering parameter is the large-wave steepness. Non-
linear terms, both electromagnetic and hydrodynamic, were found to be small pro-
vided that i) 2 is sufficiently large (wind speeds greater than ca. 5 ms-!), i)
the incidence anqle lies in the range of 8°-16°, and 1ii) the large-wave slope
fs not too large (steepness < 0.10), The ROWS technique in general, and the
ti1t mode! result in particular, have been extensively validated by Jackson et
al. (1984a), In the following, we will illustrate the power of the ROWS technique
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hy presenting several case studiecs of acpan wayn Dhysicdl procecses ynitizing
the ROWS data. The data to he shown hive heea transfirmed Sran 5700 spectra to
haight snectra in the frequency donain assumina the linear feep-wat»r dispersinn
relationshin, Aiso. we have symmetrized the abhservod 220 aodulation spectrun
sn that it is strictly polar-symmetric (this ha, the offsct of Jdauhling the de-
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fran second order effactc),  The heiqght sanctry re connatod Sroan *h5e Syanetr jzed
modulation spectra according to

S(F, ©) = [2/0F) pulk, o) (5)
whore «« 13 tha sensitivity coefficient. the factor Hf « Fan ‘dY, f 315 the fro-
quency in Mz, and where S is defined so that the variance ¢ . TTSOF w A
The final spectra shown here were obtiyined trom oo or o0 o Faipa otk )ng
and so the dearees of froedon At the directional ooty - At hown here
aumter no 1ess than 2 X 7 ox O TP 178 LY oV e o vt eandirec-
tional spectra auwber saveral nundred 7thys contaden o Tyt g aab Shown),

2. FEVALIATION OF HIN)CAST MODEL PERFOMAAN(E 70 STORM (CWNBTTLONS

Gur oresent understanding of the rasic physics of ncean waves is tn a large
extent emhodied in numerical wave forecast/hindcast models, specifically, in the
right hand side of the spectral enerqy transport equation. Considerable uncer-
tainty exists in the parameterization of wave spectral growth (and decay) under
the action of variahle winds, particularly in the specification of directional
Aistribuytions and the redistribution of wave enerqv nver Jirectinn in turning
wind fields, This is abundantlyv clear from Hasselmann's {1934) mndel intercom-
parison report. We have undertaken a study with V. Cardone /Nceanweather, Inc.)
comparing ROWS data taken in the Norwejian Sea durinqg an intense storm to special
hindcast runs with well-specified wind fields for as well-spacified as pnssible).
The comparison is particulsrly interesting hacaus2 the storm nnt only produced
very high seas (ca. 10 m), but created a conplex, rapidly evolving wave field,
The comparison thus provides a strong test of model performance, Initial nodel
runs have been made with a fine-mesh 7100 kn/R nr) version of Cardone e* al,'s
(1976) 0DGP discrete spectral model (a variant of the 1), S. Navy's operational
SOWM model) and with a coupled discrete model, the SAIL model (cf., Hasselmann,
1984)., The hindcasts used all availahle ship wind reports on record and aircraft
winds obtained during a low-level flight leq. The modeled area was the N. E.
Atlantic, and the spin up time (before the flignt of interest) was two weeks,

The NASA Ames' V-990 flight track and ROWS data takes between ca. N800 Z
and 1000 Z on Nov. 3, 1978 are shown in Fiqure 2 along with the nearby 0ODGP mode!
qrid points. The flight track constitutes a box pattern measuring ca. 150 km
(N-S dimension) by 700 km (SW-NE direction). The aircraft altitude was ca. 10 km,
Ten ROWS files were obtained in the flight hox; these are indicated by the let-
ters A-J in Fiqure 2. At the northern end of the box, close to file A, is the
weather station Tromsoflaket (TROMSO) which provided 3-hourly wind reports and
Waverider wave spectra ohservations. The synoptic situation at 1800 Z on Nov. 2
at about the peak of the storm is shown in Fiqure 3. By flight time, the low
had moved to the north of the box, and the winds had shifted to westerly over
the northern end of the hox. The high pressure ridge also moved northward, its
axis transecting the midsection of the hox at the time of the flight. Fiqure 4
is a presentation of the ten files of ROWS data in the form of polar contour
plots of directional height spectra laid out on a map of the Norwegian Sea, The
spectra, contoured at equal intervals, are scaled to the peak values; absclute
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Fiqure 2. (v-990 Flight Track and ROWS Nata Takes on Nov. 3, 19782, 0R00-1000 Z.

Figure 3. Nov. ? 1800 Z Synoptic (hart Showing Norweqgian Sea Storm.
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enerqy levels are indicated hy the estimated significant wave heights qiven
numerically in meters beside each <nectrum. Tha spectra shown are one-sided,
The 180° ambiquity in the ROWS spectra was resolved and the true direction of
wave travel determined on the basis of the synoptic situation. The synaptic
view of tha wave field in Figure 4 shows two major wave trains traveling at
nearly right angles to each other. The NE travelling component appears to enter
the hox at the southern end inore or less as swell, decay sliqghtly, and then grow
rapidly in the stronqer winds in the northern end of the box, where the winds
are westerly at ca. 70 ms~!, The NF direction of this wave train is maiatiincd
over the entire 700 km distance of the flight leqs. O0Only at the northernmost
Tocation does one see energy appearing in the loca! wind direction (this is
evident in the comma shape of file A). The SE traveiing component is evidently
a pulse of wave energy generated in the western sector of the rapidly moving
cyclone at about the 1800 Z map time (Fiqure 3).
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Figure ', ROWS Nirectiondl Yeight Spectra in Norwegian Sea Storm., Tic rar' .
are 0,05 Hz. Spectra are scaled to peak values. The numbers ir-
dicate wave heights in meters.
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An indication of the quality of the ROWS data is given by Figure 5, which
couparas the nondirectional spectrum of file A/subfile a with the TROM3) Wave-
rider spectrum, The agreement is seen to be excellent.

The results of the first ODGP model run showed basically good agreement
with the ROWS and TROMSO significant wave heiyhts and nondirectional spectra.
However . comparison of direct-onal spectra showed immediately that the model had
failed to produce the SE travelling component in the strength observed. This was
seen to be due a poor kine-atic analysis for the data-sparse western sector of
the cyclone. Fiqure 6 compares the ROWS spectrum for file b with the 0ODGP hind-
cast spectrum for grid point 254 (0900 Z) in FNOC/SOWM/ODGP variance format.
Inly 3 trace of the SE traveilling comporent is seen at higher frequency. We see
further in Figure 6 that the hindcast is also severaely underestimating the
strength of the NE travelling component, which is only weakly represented in the
hindcast as an islet of enerqy near 0.N€5 Hz. The hindcast is evidently putting
the energy of the NE component (to 45°) into the local wiad direction (to 90°).
While the model errors here are obsious, it is important to note that they are
nften masked in the nondirectional spectrum: Thus, the nondirectional spectra
corrasponding to Fiqure 6 shown in Figure 7 are quite close and give no clue as
to the seriousness uf the actual hindcast error. That the model should perform
better for the integrated properties should not be surprising since the greatest
uncertainty in wave models today lies in the modelling of the directional re-
sporse to varying winds (the directional relaxation problem),

A second 0ODGP model run with a new kinematic analysis of the western sector
of the cyclone essentially correctly reproduced the observed SE airected compo-
nents. However, the model still tended to place more energy in the local wind
direction than actually observed, A first run of the SAIL model exaggerated
this tendency in the ODGP. Additional runs with the SAIL model will be made
with slower directional relaxation rates:; also the the nondirectional growth
rates will be tunad to maximize the agreement with the ROWS (and TROMSO) wave
observations. In summnary. this hindcast comparison shows i) how the ROWS obser-
vations pointed immediately to wind field specification errors, and ii) that tha
directional relaxation rates,  especially of the newer-generation coupled models
(cf., Hasselmann, 1984) are too fast. This latter observation is supported by
the results of the next case study.
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3. FETCH LIMITED WAVE GROWTH ORSERVED DURING MASFX

The GSFC rsdar was installed on the NASA Wallops' P-3 aircraft in 1982 with
an improved antenna system installation (which eliminated diffraction prohlems
experienced in the Fall '78 Mission data). The main reason for the switch of
platforms for the ROWS was to he able to fly in concert with F, Walsh's Surface
Contour Radar (SQR), a 36 GHz, direct topoqraphic mapping radar, in order to ob-
tain high resolution directional spectra for intercomparison/vaiidation purposes,
The ROWS participated in three joint flights with the SR during the MASEX (Meso-
scale Air-Sea Exchange) experiment in January 1983. Besides systems intercompar-
ison, the flight objective was to obtain data on the evolution of the directional
spectrum with fetch Auring strong cold air outbreaks off the east coast of the
U. S. Figure 8 shows the ROWS flight track (7 km altitude) for the 1/16 MASEX
flight, the tape/file numbers being indicated by numbers and letters. The wind
was aporoximately 12 ms~! blowing offshore normal to the coast and to within
a few degrees of the flight track. Figure 9 is a selection of the ROWS direction-
al height spectra from the 1/16 flight. Figure 10 shows the entire sequence of
ROWS-inferred nondirectional spectra for the flight leg extending out to ca. 300
km. The ROWS directional spectra of Figure 9 show two nearly equally energetic
wave components, one travelling downwind, the other travelling in directions
nearly opposite to the line-of-sight directions to the mouth of the Delaware Bay,
The angles of the 'Delaware Bay' component are seen to be steeper than the line-
of-sight angles to the mouth of the bay; this is apparently due to refraction
near the mouth of the Bay. The existence of this strong off-wind component was
first discoverad by Walsh et. al. (1982), It is ev1dent1y due to fact that the
waves outside the mouth of__he_Bhv have a 'leq up' over the waves further south
along the coast. These waves may then enter a more rapid growth stage (Miles'
growth) earlier than che downwind waves along the track. There is also the pos-
ihility that these waves are preferentially grown (in file 4-c these .aves are
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Figure 8. Flight Track and ROWS
Data Takes for MASEX
1/16/83 Flight. Wind
is normal to coast anu
parallel to flight
track.
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seen to exceed the downwind component) hecause they are very close to the
Phillips' resonance curve (shown as the horizontal line in Figure 9). Most im-
important, we observe in these spectra that over the entire fetch the off-wind
component does not turn into the wind direction: It is not 'absorbed’ by the
'Tocal wind sea' (downwind component) until its mean direction lies well within
the directional spread of the downwind component. This abservation runs counter
to current theory (Hasselmann, 1984) which would ascribe a strcag directional
coupling to the two components. 0On the contrary, the two components appear to
be uncoupled, or at the most only weakly coupled. This behavior is consistent
with what we have observed in the Norwegian Sea hindcast study. Preexisting
components are not easily turned into the wind direction, nor do they tend to be
absorbed by the local wind sea. This conclusion was reached also by Holthuijsen
(1983) who found strong off-wind components in fetch-limited spectra in the North
Sea, also due to coastline irreqularities. The ROWS (and SR) spectra from the
two other MASEX flights similarly show strong off-wind components that point
clearly to major embayments in the Middle Atlantic Bight, Similarly, also,
these components appear to be decoupled from the downwind component, Figure 11
is a ROWS height spectrum from a flight down-fetch of Long Island which shows
dominant wave energy not i the wind direction (to 160°), but at an angle point-
ing to the center of the Block Island/Rhode Island Sound complex.,

The ROWS data of Figure 11 can be compared to nearly colocated SR data in
Figure 12. The overall agreement is seen to be excellent. Slight discrepancies
are most likely due colocation discrepancies, both spatial and temporal. It is
worth noting here that apart from stereo photography, only the SM could have i
provided this kind of high resolution intercomparison data.
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ROWS Nondirectional Spectra from
1/16 MASEX Flight for Unit Sen-
sitivity Coefficient,

Examples of ROWS Directional Height
Spectra from 1/ 23 MASEX Flight.
From top to bot: ‘he files shown
are (cf. Figura 8, 5B, 4C, and 3C.
The aircraft heading, equals the
(anti) wind direction, is to the top
of the page. The arrows indicate
the line-of-sight angles to the
mouth of the Delaware Bay. The
horizontal lines are the Phillips'
resonance curve, The spectra are
contoured with six equally spaced
contour intervals scaled to the peak
values, Frequency rings are

.10 Hz and N,20 Hz.
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i i i ? ¢ ight Spectrum for
Figqure 11. ROWS Height Spectrum from Figure 12. SRR He1q :
? 1/20 MASEX Flight. BIC is Compar1§on go Figure 11.
Block Island Component, Colocation is not exact.

A thorough analysis of the MASEX data set should go a long way to resolving
some fundamental issues in the physics of wind-generated ocean waves, at least
in the macroscopic, or practical modelling sense.

4. 'THE SON OF SWOP'-- AN OBSERVATION OF A FULLY DEVELOPED SEA

A detailed analysis of a Fall '78 Mission ROWS observation of a fully de-
veloped sea in the N. E. Pacific and intercomparison with a pitch-roll buoy
is given by Jackson (1984b). The ROWS-observed directional spectrum of the 3.3
m significant wave height sea is given in Figure 13, and the nondirectional com-
parison with the buoy is given in Figure 14, The directional comparison (not
shown here) gave excellent agreement in terms of the mean wave directions and
directional spreads as functions of frequency.

The ohserved spectrum in Figure 13 bears such a remarkable resemhlance to
the classical SWOP (Stereo Wave Observation Project) spectrum (Pierson, 1960)
that we have dubbed this ROWS spectrum 'The Son of SWOP'. The two spectra have
nearly identical half power widths (80° at peak to 120° at high frequency), and
both spectra exhibit nearly identical bimodal structures which accord with the
Phillips' resonance condition. The Phillips' resonance angles y , determined
according to the resonance condition,

U cos v = c(f) = g/ f (6)

where Uc is the windspeed, or convection velocity, and c is the water wave phase
speed, are indicated by the arrows in Figure 15, where Uo = 14.2 ms~! is chosen to
givay =0 at f = 0.11 Hz. The agreement with the obsérved modal angles is seen
to be very good. This observation is seen to confirm Phillips' original conten-
tion (Phillips, 1958) that the SWOP spectrum bimodality was a real manifestation
of the resonance mechanism and not a statistical fluke.
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'Son of SWOP' Height Spectrum.

Contouring as in Figure 9.

F 01272
Si= 316

Fe0.110g
LR E 1] r'

Figure 15.

NINNa a3

FLY-18 TAPEWS FILC-3 ROT N_Pra a gt

1‘30[*

ol

20

40f

Fiqure 14. Nondirectional Height
Spectrum Corresponding
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5. CONCLUSION

This paper has emphasized the use of the ROWS in case studies of wave physi-
cal processes. The results, while preliminary, give an idea of the enormous
potential of this remote sensing technique. Further study of the Norwegian Sea
case and the MASEX data shoud permit more concrete, quantitative statements
regarding wave growth and directional relaxation., The 'Son of SWOP' observaticn
fairly conclusively demonstrates that the Philips' resonance mechanism is indeed
operative in the the fully developed sea state and is a major factor in determin-

ing the directional structure.

We have not dwelt on the details of the ROWS technique here, its accuracy,
or its ultimate space application. These aspects have been extensively delt
with in Jackson (1981) and Jackson et al, (1984a). Howeve~, the reader may
appreciate the remarkable accuracy of the indirect ROWS measurements by again
examining the Waverider buoy, SR, and pitch-roll buoy comparisons given respect-
ively in Fiqures 5, 12, and 14: The technique appears to ne very accurate, at
least for sea states above 1 m, and providing the windspeed is greater than ca.
5 ms-l, Similar accuracy is possible with a spacecraft system employing present
generation short pulse radar altimeters.
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